We present the first variational calculation of a hot temperature ab initio line list for the CH 3 radical. It is based on a high level ab initio potential energy surface and dipole moment surface of CH 3 in the ground electronic state. The ro-vibrational energy levels and Einstein A coefficients were calculated using the general-molecule variational approach implemented in the computer program TROVE. Vibrational energies and vibrational intensities are found to be in very good agreement with the available experimental data. The line list comprises 9,127,123 ro-vibrational states (J ≤ 40) and 2,058,655,166 transitions covering the wavenumber range up to 10000 cm −1 and should be suitable for temperatures up to T = 1500 K.
Introduction
The methyl radical CH 3 is a free radical of major importance in many areas of science such as hydrocarbon combustion processes, 1 atmospheric chemistry, 2 the chemistry of semiconductor production, 3 the chemical vapor deposition of diamond, 4 and many chemical processes of current industrial and environmental interest. It is also expected to be present in exoplanetary atmospheres, 5 in the atmospheres of Saturn 6 and Neptune, 7 and in the interstellar medium, 8 where it is thought to be one of the most abundant free radicals. 5 Because of its central role in this variety of situations, its structural and spectroscopic parameters have been extensively studied. Diverse spectroscopic techniques have been employed to determine absolute concentrations of CH 3 in the gas phase, including UV/visible, 9 infrared, 10 and Raman spectroscopies. [11] [12] [13] [14] [15] [16] [17] In addition, CH 3 is an example of a molecule with large vibrational contribution to the hyperfine coupling constant, accounting for up to about 41% of the total value (see Ref. 18 and references therein).
Owing to the importance of CH 3 in various contexts, in particular in astrophysics and -chemistry, its concentrations or column densities in remote environments such as interstellar space, the terrestrial atmosphere, exo-planetary atmospheres, and the outer layers of cool stars are of interest and it is desirable to determine these by remote-sensing spectroscopic methods. A prerequisite for such determinations is the knowledge of the transition moments for the observed transitions, and these must often be obtained in theoretical calculations as done, for example, in the ExoMol project 19, 20 by Yurchenko and co-workers. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] This project aims at providing theoretically computed transition moments and simulated spectra for (small to medium-sized) general polyatomic molecules of astrophysical and/or -chemical interest. In general, molecular transition moments known to within 10-20% (the typical accuracy of the transition moment data of the HITRAN database 34 ) are sufficiently accurate to be useful for most applications involving determination of concentrations and column densities, at least for fundamental and overtone bands. The level of ab initio theory used in the present study [RCCSD(T)-F12b /cc-pVQZ-F12; see below] is expected to be sufficient to satisfy this requirement for the transition moments computed in the present work. Also, we expect the inaccuracy of our calculations to be predominantly caused by the inaccuracy of the ab initio potential energy surface, and not by the truncation of the kinetic energy operator expansion.
At equilibrium, the three protons of electronic-ground-stateX 2 A 2 CH 3 form an equilateral triangle with the C nucleus at the centre-of-mass of the planar structure with D 3h point group symmetry (see Table A -10 of Ref. 35) . There is no permanent dipole moment, and so the pure rotational transitions are dipole forbidden and very weak. Also, the planar ground-state equilibrium structure precludes most one-photon transitions to excited electronic states. 36 Owing to the extremely weak rotational spectrum, determinations of concentrations and column densities for CH 3 must be made with rovibrational transitions in the infrared region. The most suitable transitions are those in the intense ν 2 fundamental band at 606 cm −1 (where ν 2 is the out-of-plane bending mode). This band provides convenient transitions for concentration measurements and has been used extensively for this purpose. [37] [38] [39] [40] As mentioned above, the corresponding transition moments must be known in order that concentrations can be determined, and the present work can be viewed as a 47 The carbon inner-shell electron pair was treated as frozen core in the correlated calculations. By using the frozen-core approximation we benefit from error cancellation. It is well known that, e.g. for second-row atoms, the core-valence correlation is almost exactly cancelled by the more costly high-order correlation effects. 48 Keeping only one of them would make the accuracy deteriorate.
The analytical representation for the PES was obtained in a least-squares fitting procedure using the parameterized function from Lin et al. 49 :
this function depends on the stretching variables
where r k is the instantaneous value of the distance between the C nucleus and the proton H k labeled k = 1, 2, or 3; r e is the common equilibrium value of the three r k bond lengths, and a is a Morse parameter. Furthermore, the symmetrized bending variables (ξ 4a , ξ 4b ) are defined as
with α i as the bond angle ∠(H j XH k ) where (i, j, k) is a permutation of the numbers (1,2,3).
Finally, the variable
describes the out-of-plane bending. At the planar equilibrium configuration, we have α 1 + α 2 + α 3 = 360
• and so sinρ = sinρ e = 1. The functions V 0 (sinρ) and F jk... (sinρ) in Eq. (1) are defined as
where the quantities f 
with r k , k = 1, 2, 3, as the position vector of proton k and r 4 as the position vector of the C nucleus.
We form symmetry-adapted linear combinations of the MB projectionsμ · e j :
µ
where, in addition to the vectors e k , we have introduced e N = q N /|q N | with q N as the 'trisector'
The subscripts Γ = A 2 , E a , and E b of the quantitiesμ SMB Γ in Eqs. (8)- (10) The three components of the SMB dipole moment in Eqs. (8)- (10) are represented by 4 th order polynomial expansions
in terms of the variables
with ∆r k = r k − r e and
where (ξ 4a , ξ 4b ) are defined in Eq. (3). The expansion coefficients µ
where sinρ is given by Eq. (4) 
Intensity simulations with TROVE
The 'readiness' of the molecule to make an absorption or emission transition from an initial ro-vibrational state i to a final ro-vibrational state f is expressed by the line strength 35, 55, 56 S(f ← i), a quantity with units of [dipole moment] 2 (typically Debye 2 ). For S(f ← i) = 0, the transition does not take place and need not be considered. As discussed in Ref. 35 transitions with S(f ← i) = 0 are said to satisfy selection rules which we can derive from symmetry considerations before we do quantitative, numerical calculations of S(f ← i).
Thus, these calculations need only be done for transitions satisfying the selection rules, and after obtaining values of S(f ← i) for these transitions, we can compute the corresponding Einstein coefficients and absorption intensities. 
where the nuclear spin statistical weight factor 35 is denoted g ns and the electronically averaged component of the molecular dipole moment along the space-fixed axis 35 is denotedμ A ,
is the quantum number defining the projection of the total angular momentumĴ on the Z axis for the initial(final) state.
Assuming that the molecules considered are in thermal equilibrium at the absolute tem-perature T , the intensity of a spectral line is determined as
Here, the absorption wavenumber is denotedν, and Eq. (17) yields the intensity of a transition from the initial state i with energy E i to the final state f with energy E f , where hcν if 
enter into Eq. (17) for T = 1500 K. It is common to use the partition function for estimating the completeness of the line list for a given temperature. 24 Towards this end, we consider the ratio Q 9000 cm −1 /Q total , where Q total is the converged partition function value calculated by explicit summation over all computed energy levels and Q 9000 cm −1 is the partition function value calculated by summation over levels with energies lower than 9000 cm −1 . This ratio gives 95 % completeness at temperatures below 1500 K. Consequently, we estimate T = 1500 K to be the maximal temperature for which our line list is realistic. Since it is safe to limit the lower-state energies to be below 9000 cm −1 , it is sufficient to consider rotational states with J 40. We compute a line list in the wavenumber range 0-10 000 cm −1 ; the upper energy limit (i.e., the maximum value of the final-state energy) corresponds to a term value of E max /hc = 19,000 cm −1 .
Computational details
The variational nuclear-motion calculations are done with a symmetry-adapted basis set.
With such a basis set, the Hamiltonian matrix becomes block diagonal according to the irreducible representations of the D 3h (M) molecular symmetry group:
and E . The A 2 and A 2 matrices are of no interest for CH 3 as the corresponding states have zero nuclear spin statistical weights and do not exist in nature. 35 The E and E matrices each split into two sub-blocks, of which only one must be diagonalized.
35
The calculation of the matrix elements Φ 
with the C rv has been made more efficient in a two-step procedure. In the first step, an effective line strength is evaluated for a given lower state i:
Here, φ V K is a short-hand notation for the primitive basis function |J w K m w τ rot ×|V .
From the S i,V K -values obtained, we compute, in the second step, the line strength S(f ← i)
We 
59
The vibrational basis set |V is obtained in TROVE using a multi-step contraction and symmetrization procedure, starting from local primitive basis set functions, each depending 
Results
Basis set convergence and empirical adjustment of the vibrational band centers
The dimensions of the Hamiltonian matrix blocks to be diagonalized are important in determining the accuracy of the computed energies and wavefunctions for highly excited rovibrational states. Consequently it is imperative to determine empirically the smallest basis set with which the required eigenvalue accuracy (i.e., the optimum basis-set size for 'conver-gence') can be attained.
In TROVE, the size of the vibrational basis set is controlled by polyad number truncation. [41] [42] [43] For CH 3 , the polyad number P is defined as:
where n i are the principal quantum numbers associated with the primitive functions φ n i (ξ i ).
The primitive vibrational basis functions are products of one-dimensional basis functions φ n i (ξ i ), and only products with P ≤ P max are included in the primitive vibrational basis.
An even tighter level of convergence could be achieved for the vibrational term values if these were calculated with different P max -values and the resulting progression of term values were extrapolated to the complete vibrational basis set limit. 60 However, for the purpose of generating line lists this is not considered necessary. The corrections from the extrapolation will be small compared with the term-value errors caused by the imperfection of the underlying potential energy surface. Instead, we pragmatically aim for a higher accuracy by resorting to an empirical approach: The theoretical vibrational term values are replaced by the available accurate, experimentally derived vibrational band-centre values. In this manner, we are adjusting the vibrational band centers 'manually'; this empirical adjustment also shifts the rotational energy-level structure towards better agreement with experiment.
We call this procedure the EBSC scheme as it can be regarded as an Empirical Basis Set Correction.
We adopt the EBSC scheme for the vibrational bands ν 2 , 2ν 2 , ν 1 , ν 1 4 , and ν 1 3 , for which accurate experimental data are available, in combination with PES-2, where we have adjusted the equilibrium structure of the molecule to fit the experimentally derived pure rotational term values. The vibrational basis set was truncated at the polyad number P max = 32. We incorporate experimental information in the EBSC scheme, and so we obviously depart from a purely ab initio approach. This is considered justified by the accuracy improvement that can be achieved in the computation of an extensive ro-vibrational line list.
To improve the accuracy of the predicted vibrational band-centers, a more thorough refinement of the PES would be required. However, the available accurate experimental data for the vibrationally excited states of CH 3 is severely limited, and so we opted for the EBSC approach in conjunction with the r e -refinement. For all bands that are not EBSCcorrected, the predicted vibrational term values are determined to a significant extent by the ab initio data, and so their accuracy is limited. However, we have improved the prediction of the rotational structures, and that will facilitate the assignments of future experimental spectra for CH 3 .
In Table 1 , the vibrational term values below 5000 cm −1 of the methyl radical, calculated variationally in the present work from PES-2, are compared with the available experimental data. The EBSC substitution was made in the J > 0 TROVE calculations of the present work, in that the theoretical vibrational term values (obtained for P max = 32) were replaced by the experimental values in Table 1 . This table also shows the effect of the polyad number P max on the vibrational energy. Table 2 shows a comparison of the pure rotational energies (J ≤ 5) of CH 3 before and after refinement of r e illustrating the importance of this step.
The vibrational transition moments are defined as
where |V and |V denote J = 0 vibrational wavefunctions andμ α is the electronicallyaveraged dipole moment in the molecular frame (see the section entitled 'Dipole moment surface' above). For calculation of vibrational transition moments we used our ab initio PES-1 and truncated the vibrational basis set at polyad number P max = 32. A number of computed transition moments for the strongest lower lying bands are listed in Table   3 where they are compared with the available experimental data. The complete list of a Calculated using r e = 1.07736927Å and α e = 120.0
• (PES-1, see text). b Calculated using r e = 1.0762977119Å and α e = 120.0
• (PES-2, see text).
theoretical transition moments is given as Supporting Information and can be also found at www.exomol.com.
Intensity simulations
The simulation of absorption spectra at a given temperature T and within a particular wavenumber interval requires knowledge of the upper and lower-state energies and the Ein- Figure 4 shows the emission spectrum of CH 3 in the wavenumber interval 600-1200 cm −1 , simulated with TROVE at two different levels of theory, rovibrational and purely vibrational.
The simulated spectra are compared to an experimental spectrum recorded by Hermann and 
Conclusion
We report here simulations of spectra for the methyl radical, extending over a significant portion of the infrared spectral region. The positions and intensities calculated for the transitions are in excellent agreement with experiment, as demonstrated by detailed comparisons with observed room-temperature spectra.
The CH 3 line list of the present work will facilitate detections of the methyl radical in space. In the present work we have generated, refined, and validated the potential energy and dipole moment surfaces required for the spectral simulations, and we have established the level of accuracy attainable in variational nuclear-motion calculations with our computational resources. We have produced a methyl radical line list consisting of 2 billion transitions between 9,127,123 energy levels for ro-vibrational states up to J max = 40 and energies up to 19 000 cm −1 . 
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